This study examined the impacts of model horizontal resolution on vertical structures of convection in the tropics by performing sensitivity experiments with the NCAR CESM1. It was found that contributions to the total precipitation between top-heavy and bottom-heavy convection are different among various resolutions. A coarser resolution tends to produce a greater contribution from top-heavy convection and, as a result, stronger precipitation in the western Pacific ITCZ; while there is less contribution from bottom-heavy convection and weaker precipitation in the eastern Pacific ITCZ. In the western Pacific ITCZ, where the convection is dominated by a top-heavy structure, the stronger precipitation in coarser resolution experiments is due to changes in temperature and moisture profiles associated with a warmer environment (i.e., thermodynamical effect). In the eastern Pacific ITCZ, where the convection is dictated by a bottom-heavy structure, the stronger precipitation in finer resolution experiments comes from changes in convection structure (i.e., dynamic effect) which favors a greater contribution of bottom-heavy convection as the model resolution goes higher. The moisture budget analysis further suggested that the very different behavior in precipitation tendencies in response to model resolution changes between the western and eastern Pacific ITCZs are determined mainly by changes in convective structure rather than changes in convective strength. This study pointed out the importance of model spatial resolution in reproducing a reasonable contribution to the total precipitation between top-heavy and bottom-heavy structure of convection in the tropical Pacific ITCZs.
Introduction
The core of tropical dynamics involves strong interaction between cumulus convection and large-scale perturbations. A reasonable representation of the collective effect of subgrid scale cumulus convection process in a large-scale atmospheric model is the key to produce a successful simulation of the time-mean tropical circulation and its associated variability. The cumulus convection can be in general divided into two major categories with different intensity of precipitation, namely, deep convection and shallow convection. In addition, congestus clouds are also an important category whose tops stop at slightly above the freezing level (Johnson et al. 1999) .
To illustrate the feedback of convective processes on large-scale flows, Yanai et al. (1973) proposed the diagnosis of apparent heat source ( Q 1 ) and apparent moisture sink ( Q 2 ). Diabatic heating in the atmosphere is a combined consequence of radiation heating from both shortwave and longwave, and latent heating from phases changes associated with convection. Vertical profiles of diabatic heating with global coverages have been estimated from satellite retrievals (Tao et al. 2006 ). However differences among retrieval algorithms could lead to discrepancies in the vertical structures. Besides, many studies have also employed the reanalysis data to examine the horizontal distributions, amplitude and vertical structure of diabatic heating (Nigam et al. 2000; Chan and Nigam 2009; Hagos et al. 2010; Ling and Zhang 2013) . A surprising result in these studies is that the tropical heating profiles among the reanalysis were quite diverse. Many studies, such as Schumacher et al. (2007) , 1 3 Takayabu et al. (2010) , Hagos et al. (2010) have discussed the double peak structure in the vertical heating profiles. The upper peak is coming from the stratiform and deep convection while the lower peak is coming from the shallow and congestus clouds, which is also in agreement with recent study of Johnson et al. (2016) .
One of the common biases in modeled tropical precipitation is the underestimation of heavy precipitation events due to the coarse spatial resolution of the model (Gregory et al. 1997; Stephens et al. 2010) . For example, Deser et al. (2006) compared the mean precipitation simulations for a version of the Community Atmospheric Model (CAM3) using T42 and T85 resolutions, respectively. They found that spatial pattern of precipitation in low-resolution simulation shows significant quantitative errors, even though the major features are consistent with observations. By examining the mean summer precipitation over the tropical ocean, Hack et al. (2006) showed a locally significant meridional redistribution of precipitation as a function of spatial resolution.
Climate models have been extensively used over the past two decades to project future climate changes under the anthropogenic greenhouse warming. Although most of the climate models used in CMIP5 have increased spatial resolution compared to those used in CMIP3, some still keep relatively low resolution, e.g., CMSS-CESM ( 3.75
• × 3.75
• ), HadCM3 ( 3.75
• × 2.5 • ), FGOALS-g2 and MIROC-ESM ( 2.8125
• × 2.8125
. It is thus worth knowing how the model's spatial resolution impacts the vertical structure of convection in the Tropics because the efficiency of moist static energy export by cumulus convection depends largely on the structure of convection (Back and Bretherton 2006; Bui et al. 2016) .
Differences in physical parameterization and model resolution are two major factors from which most of the biases in the contemporary climate models come. In this study, we examine the impacts of model spatial resolution on vertical structures of convection in climate, focusing on how the contribution between top-heavy and bottom-heavy convection might change in various model resolutions. We run the Community Atmospheric Model (CAM) version 5 with four spatial resolutions: 400, 200, 100 and 50 km to cover the spectra of grid sizes of contemporary climate models. Section 2 presents an overview of the atmospheric model and the design of sensitivity experiments. A brief introduction of satellite and field campaign datasets is also presented in this section. Section 3 describes the diabatic heat source and moisture sink as well as the bin method used to identify top-heavy and bottom-heavy convection cases. Major results are presented and discussed in detail in Sect. 4. Section 5 utilizes the moisture budget analysis to examine the dynamic and thermodynamic feedbacks on precipitation. A summary and discussion is given in Sect. 6.
Design of sensitivity experiments

The atmospheric model
The atmospheric model used in this study is the Community Atmospheric Model version 5 (CAM5) (Neale et al. 2010) , which is the atmospheric component of the National Center for Atmospheric Research (NCAR) Community Earth System Model (CESM), with a finite-volume dynamical core (Lin 2004) and an integration time step of 1800 s (30 min). In CAM5, the default number of vertical levels is 30, with four additional layers below 700 hPa compared to the CAM4 due to a new parameterization of the boundary layer ). The deep convection scheme (Zhang and McFarlane 1995) has been improved, including the effects of deep convection in the momentum equation (Richter and Rasch 2008) and the interaction between convective air with its environment (Neale et al. 2008) . The Park and Bretherton (2009) shallow convection scheme (also known as the UWShCu scheme), in which the fundamental frame work and closure assumption are based on Bretherton et al. (2004) , is used to parameterize the collective effect of shallow cumulus convection. The mass flux at the cloud base is determined by the ratio between convective inhibition (CIN) and turbulent kinetic energy (TKE) which is provided by the boundary layer scheme ) to ensure the interaction between boundary layer and cumulus convection.
In the UWShCu scheme, the entrainment and detrainment processes are determined by buoyancy sorting algorithm from Kain and Fritsch (1990) . There is no limitation for the cloud height, however, because the deep convection scheme is performed first in CAM5, which provides a tendency to stabilize the atmosphere, the cloud top height simulated by shallow scheme is thus internally limited (Neale et al. 2010) . For the microphysics process, a simple assumption is applied in which the cloud condensation amount larger than 1g/kg is removed from the updraft as precipitation and the remainder is detrained in to the environment. As mentioned in Neale et al. (2010) , the current scheme also neglects the radiation effect and evaporation of convective precipitation within the convective updraft.
The sensitivity experiments
The CAM5 simulations with a prescribed SST of Year 1850 are tested at four different spatial resolutions from 4
• , 2
• , 1
• to 0.5
• , corresponding to a grid spacing of about 400, 200, 100 and 50 km, respectively, in the equatorial region. All the simulations are run for 12 years with daily outputs, but only the outputs from the last 10 years are used for analysis.
Besides the changes in the spatial resolution, there are slight differences in some parameters between the sensitivity experiments as these parameters are made functions of spatial resolution in CAM5 to ensure energy balance at the top of atmosphere (Hack et al. 2006; Boyle and Klein 2010) . The most significant one is the value of penetrative updraft entrainment efficiency ( r pen ) in the shallow convection scheme between 2
• spatial resolution run and the others which are 5 and 10, respectively. In addition, there is also a small change in the value of minimum relative humidity for low clouds (0.8975 for 1
• and 0.8875 for 2 • ). To ensure consistency, we carried out some sensitivity tests and found that these differences in practice do not alter the results and conclusions of this study (not shown).
Satellite and field campaign datasets
To validate the model's performance in simulating precipitation climatology, we use the satellite derived precipitation data from the Tropical Rainfall Measuring Mission (TRMM) during the period 1998-2007. The original spatial resolution is 0.25
• but we made an interpolation to different resolutions to be consistent with the CESM outputs.
For the vertical profiles of convection, some field campaign datasets are also employed for comparison purpose (Table 1) . These include the Tropical Ocean Global Atmosphere Coupled Ocean-Atmosphere Response Experiment (TOGA COARE), the South China Sea Monsoon Experiment (SCSMEX), the Kwajelin Experiment (KWAJEX), the Tropical Warm Pool International Cloud Experiment (TWP ICE), and the ARM MJO Investigation Experiment (AMIE). All the 6-hourly data with a vertical grid at 25 hPa intervals from 1000 to 100 hPa are analyzed.
Method of analysis
3.1 Apparent heat source ( Q 1 ) and moisture sink ( Q 2 )
Apparent heat source ( Q 1 ) and moisture sink ( Q 2 ) were estimated using gridpoint temperature, moisture and wind (Yanai and Johnson 1993) , which can be written as:
and where Q R is the heating rate due to radiation, c is the rate of condensation per unit mass of air, e is the rate of reevaporation of the suspending cloud water and falling rain drop per unit mass, s = C p T + gz is the dry static energy, T is temperature, is pressure velocity, and q is the mixing ratio of water vapor. The horizontal averages are denoted by ( ) and deviations from the horizontal averages are denoted by primes. Apparent heat source ( Q 1 ) is the heating resulted from the diabatic cumulus convection processes (including net condensation and convergence of eddy heat flux) in the atmosphere. Moisture sink ( Q 2 ) is associated with the moisture loss due to net condensation and divergence of eddy moisture transport (Yanai et al. 1973 ). The advantage of using these two variables is that they provide the relationship and interaction between the cumulus convection and the largescale environment.
The dependence of convective vertical structure on precipitation rate
Instead of using the direct precipitation outputs from the model convection (precipitation) schemes, we identify the top-heavy and bottom-heavy convection cases based on different precipitation intensity bins and then examine how model resolution change affects the structure of convection. The motivation behind this design was to highlight the relationship between the vertical structure of convection and precipitation intensity in a climatological (or statistical) sense (Bui et al. 2016) . Even though there are many studies focusing on the time-mean rainfall patterns [Neelin (2007) and reference therein], investigation on changes of precipitation characteristics is needed, especially when the intensity and frequency of both heavy and light precipitation events
(1) Stokes and Schwartz (1994) could possibly change under global warming (Chen et al. 2016) .
In this study, we practically identify the different convection structures based on regime sorting performed in the large-scale conditions and convection properties (Takayabu et al. 2010) . The data are sorted and binned according to precipitation intensity (Hagos et al. 2010 ) with a total of 100 bins (i.e., each bin contains 1% of the total sampled precipitation events), similar to the percentile ranks. In our analysis, a precipitation event is defined as the precipitation rate greater than 0.1 mm day −1 as in previous studies (Sun et al. 2007; Chou et al. 2012) . The first few bins represent light precipitation events, which are presumably dominated by shallow bottom-heavy convection; while the last few bins denote heavy precipitation events, in which both top-heavy and bottom-heavy convection often coexist, in agreement with the results from Hagos et al. (2010) . Once obtaining the precipitation bins, we then look at the corresponding vertical profiles.
To extract the convection contribution from the radiative cooling and others effects, we subtract the 1st bin from the very light rain and the 91st bin from the very heavy rain with the assumption that radiation cooling profile does not change too much among precipitation bins. In the heavy-rain regime (rainfall events within 91-100th percentile bins), as the cloud tops are located at various levels, strong cancellations between heating and cooling occur within the convective column, resulting in a relatively uniform radiative profile. Thus, subtracting the 91st bin, to a large extent, may remove the effect associated with radiation. In the light-rain regime (rainfall events within 1-10th percentile bins), the radiative profile is in nature uniform, subtracting the 1st bin not only removes the effect associated with radiation, it also excludes the background climatology of light-rain regime dominated by strong subsidence. This allows us to highlight the convection structure changes associated with shallow cumulus. As in Chen et al. (2016) , we also normalized the original profile through dividing it by a normalization factor that represents the magnitude of the profile (i.e., the value x in each level p by dividing by [
with P T and P S being 100 and 1000 hPa, respectively) to focus only on the vertical structure.
Impacts of spatial resolution on simulations of tropical climate
Contrast between heavy-rain and light-rain regimes
To assess how the model spatial resolution affects the vertical structure of convection, the vertical distributions of Q 1 and Q 2 averaged over the first 10 bins between 20 • S and 20
• N were first examined (Fig. 1a, b ). There is a maximum of Q 1 at 900 hPa accompanied by a minimum at 800 hPa for all four experiments (Fig. 1a) , indicating that light rain events are generally associated with bottom-heavy convection. We note that the above Q 1 maximum should come from the latent heating of net moisture condensation and the Q 1 minimum is a result of the re-evaporation cooling due to detrainment at the top of shallow convection (see the pressure velocity field in Fig. 1c for comparison) . The above feature is consistent with the Q 2 profile, i.e., a maximum moisture sink at 900 hPa and a moisture source at 800 hPa. The Q 1 and Q 2 profiles also correspond well with ascending motions below 850 hPa, i.e., a strong low-level convergence (upward motion) near the surface and a divergence (downward motion) maximum at about 850 hPa (Fig. 1c, d ) except for the coarsest resolution experiment. For the temperature field, a warming peak is found near the surface and a maximum cooling at 850 hPa (Fig. 1e) . The divergence and moisture fields (Fig. 1d, f) are controlled by convection, which generally show opposite phases with the pressure field (Fig. 1c ). These results demonstrate typical dynamic and thermodynamic profiles of bottom-heavy convection, and its role in vertically redistributing the moisture and temperature fields below 800 hPa.
We next compare results between the experiments with different spatial resolutions. In the vertical structure of kinematic fields, it is clear that the coarsest resolution experiment (blue curves in Fig. 1c, d ) behaves differently from the finer resolution ones. It may be due to the fact that parts of shallow convection with smaller scales are not fully represented in the coarsest resolution experiment, so the background subsidence tends to dominate the dynamic fields. In general, the strength of bottom-heavy convection does not have a clear relationship with the spatial resolution without the co-existence of top-heavy convection. We also find that there is a local peak of ascending motion at around 300 hPa for finer resolution runs (see Fig. 1c ), even though no corresponding changes of thermodynamic profiles due to the much drier upper-level atmospheric environment for the first 10 precipitation bins. The thermodynamic structures of bottom-heavy convection (e.g., Q 1 , Q 2 , T and q profiles) show less dependence on the spatial resolution compared with the kinematic structures (e.g., omega and divergence profiles).
Likewise, Fig. 2 shows the same dynamic and thermodynamic fields but averaged over the last 10 bins to assess the spatial resolution effect on heavy precipitation events. As shown, all four experiments exhibit 2 peaks, one in the lower troposphere and the other in the upper troposphere, a clear evidence of the coexistence of top-heavy and bottomheavy convection. Figure 2a shows the structure of Q 1 with double peaks at around 800 and 350 hPa, corresponding to the release of latent heat from top-heavy and bottom-heavy convection, respectively. Q 2 shows a very similar profile to Q 1 , with two peaks at around 800 hPa and 400 hPa (Fig. 2b) . The ascending motion shows two maxima at around 800 and 300 hPa (Fig. 2c) , consistent with the divergence field shown in Fig. 2d . Unlike what happens in light-rain regime (Fig. 1e) , the temperature structure in heavy-rain regime shows a weak cooling near the surface and around 600 hPa for all experiments (Fig. 2e) , possibly due to re-evaporation cooling of falling raindrops. The significant upper warming above 400 hPa is dominated by the moist adiabatic heating, as discussed in Holloway and Neelin (2007) . The moisture field also shows two peaks around 700 and 400 hPa (Fig. 2f) .
As the spatial resolution becomes finer, the lower peak in both dynamics and thermodynamics fields becomes larger, while the corresponding upper peak appears to have a reverse tendency. This implies that a change in the contribution between top-heavy and bottom-heavy convection occurs when the model spatial resolution varies. In short, a greater contribution of bottom-heavy convection and a less contribution of top-heavy convection are found in the finer resolution experiments, which is in agreement with the previous study of Boyle and Klein (2010) .
To see whether the above features exist in observations, we analyze the data from several field observations ( Table 1 ). Note that these data were gathered in a limited area and time period in the Tropics when a particular weather system occurred. Because sampling sizes of these datasets are small, they inclined to exhibit features of heavy precipitation events. Therefore, we only compare these profiles with Fig. 2 . Figure 3 depicts the vertical structures of Q 1 and Q 2 from the field observations. Both Q 1 and Q 2 profiles exhibit a somewhat double peak structure as in the finer resolution experiments of CESM (Fig. 2a, b) , except that the maximum levels of heating and moisture sink (at around 450 hPa and 500 hPa, respectively) are slightly lower in observations (Fig. 3a, b) . This is in agreement with the results from Yanai and Johnson (1993) , in which the differences in the peaks of Q 1 and Q 2 suggests the presence of eddy vertical transport of moist static energy associated with cumulus convection. These observational results show a clear evidence of the coexistence of top-heavy and bottomheavy convection in presence of heavy precipitation events, and the finer resolution experiments in reproducing the observed contribution of top-heavy and bottom-heavy convection (see Fig. 2a , b for comparison). Figure 4a shows the zonal distribution of pressure velocity at 500 hPa averaged over 0-10
• N for the four experiments. The coarser resolution experiment produces stronger upward motion in the western Pacific, but weaker upward motion in the eastern Pacific ITCZ. For comparison, the climatology of temperature and specific humidity are Fig. 4b , c, respectively. In general, a warmer and moister troposphere tends to occur in the coarser resolution experiments. From the entire tropical Pacific point of view, the corresponding model precipitation also shows a consistent result, i.e., a warmer and moister troposphere tends to generate a greater amount of the total tropical precipitation (Fig. 5) . In other words, the thermodynamic effect is a dominant factor in determining the magnitude of tropical precipitation. This is very similar to tropical precipitation changes found in global-warming simulations (e.g., Chou and Neelin 2004; Held and Soden 2006; Chou et al. 2009 ). From the regional point of view, the dependence of tropical precipitation on model resolution, however, differs significantly between the eastern and western Pacific ITCZs, as shown in Fig. 5 . In the western Pacific warm pool, the coarser resolution experiment exhibits a stronger magnitude of precipitation; while in the eastern Pacific ITCZ, the coarser resolution experiment generates a weaker magnitude of precipitation. In the following section, we will provide a detailed analysis to explain why the magnitude of precipitation in response to model resolution changes is so different between the eastern and western Pacific ITCZs.
Contrast between western and eastern Pacific ITCZs
The dependence of regional precipitation on model spatial resolution provides an opportunity to identify changes in convective structure and precipitation between the western and eastern Pacific ITCZs. Following Bui et al. (2016) , two target domains over the western and the eastern Pacific ITCZs are selected as shown by the rectangular boxes in Fig. 5 . These domains are located within heavy convective regions, with precipitation rate all greater than 4 mm day −1 . Figure 6a shows the area means of precipitation over these two domains. As the resolution decreases, the precipitation intensity increases over the western Pacific ITCZ but decreases in the eastern Pacific ITCZs, consistent with the results shown in Fig. 5 . If we consider only the heavy-rain regime (91-100th bins), the dependence of precipitation on the model spatial resolution exhibits a similar trend (Fig. 6b) except that the increase of precipitation with the decrease (increase) of the spatial resolution in the western (eastern) Pacific ITCZ is slower (faster) than the total precipitation shown in Fig. 6a . The greater sensitivity of precipitation ), b mean tropospheric temperature from 850-200 hPa (unit is K) and c specific humidity at 850 hPa (unit is kg kg −1 ) for four different spatial resolutions intensity in response to model resolution change in the eastern Pacific ITCZ is an interesting phenomenon that needs to be clarified.
In order to understand why there is a difference between these two domains, we further analyzed the characteristics of tropical precipitation, focusing on the intensity and frequency patterns of the heavy-rain regime (91-100th bins). For the occurrence frequency patterns (Fig. 7) , the finer resolution experiment tends to have fewer heavy precipitation events than the coarser one over most of the climatologically ascending regions except over the eastern Pacific where more heavy rain events are observed in the finer resolution runs. For the intensity patterns, the finer resolution experiment, however, tends to generate a stronger precipitation intensity almost everywhere in the tropics (Fig. 8) , suggesting that finer resolution experiments are more capable of producing small-scale intense cumulus convection. Overall, the change of total precipitation amount associated with the model spatial resolution seems to be dominated by the precipitation frequency. The precipitation intensity only matters in the eastern Pacific ITCZ for higher resolution runs ( 1 • and 0.5
• ) (see Figs. 5, 7, 8 for comparison) . Figure 9 shows the domain averages of the precipitation frequency and intensity patterns of the heavy-rain regime (91-100th bins) for different spatial resolution experiments. Over the western Pacific ITCZ, the frequency decreases significantly with the increase of the spatial resolution (Fig. 9a) while the corresponding intensity only increases slightly with the increase of spatial resolution (Fig. 9b) , suggesting the dominance of precipitation frequency in determining the precipitation amount (i.e., a weaker magnitude of precipitation over the western Pacific in higher resolution runs shown in Fig. 5 ). Over the eastern Pacific ITCZ, the frequency of heavy precipitation events in general increases with the increase of spatial model resolution, though the change is marked from 4
• to 2 • but relatively modest from 2
• to 0.5 • (Fig. 9a) . The precipitation intensity also increases with the increase of model resolution, especially from 1
• in determining the precipitation amount. Thus, the higher precipitation amounts in the eastern Pacific in finer resolution experiments appear to come from more frequent occurrences of stronger precipitation events.
To understand what cause more frequent occurrences of stronger precipitation events over the eastern Pacific ITCZ in finer spatial resolution experiments, we again examine the vertical structure of key parameters, as discussed in Sect. 4.1. Similar to Fig. 2 , we compare the Q 1 , Q 2 profiles for the last 10 bins between the western and eastern Pacific ITCZs (Fig. 10) . For the Q 1 profile, the top-heavy convection structure shows relatively little dependence on model resolution over the western Pacific ITCZ, except for a slightly greater contribution of bottom-heavy convection in the two finest resolution experiments (Fig. 10a) . Over the eastern Pacific ITCZ, the contribution of bottom-heavy convection becomes much greater, while the contribution of top-heavy convection becomes much smaller in the two finest spatial resolution experiments (Fig. 10b) . Similar patterns are also observed for Q 2 , although the contrast between the western and the eastern Pacific ITCZ is not as clear as in Q 1 (Fig. 10c, d ). Note that similar changes are also found for the pressure velocity and divergence fields (not shown). Based on the above findings, we may conclude that a greater contribution of bottom-heavy convection is responsible for more frequent occurrences of heavy precipitation events in the eastern Pacific ITCZ in the finer resolution runs.
The moisture budget analysis
In the previous section, we reported the changes in contribution between top-heavy and bottom-heavy convection and the differences in precipitation frequency and intensity tendencies between the western and eastern Pacific ITCZs when the model spatial resolution varies. Here, we employed the moisture budget analysis to explore the possible causes behind such changes. Following Chou and Neelin (2004) and Chou et al. (2009) , the vertically integrated moisture equation can been written as where P is precipitation, E is evaporation (both in W m −2 ), v is horizontal wind vector, q is the specific humidity (in energy unit, J kg −1 , by absorbing the latent heat per unit mass L). The brackets ⟨ ⟩ denotes a mass integration through the troposphere, typically from 1000 hPa to the tropopause. Here, the tropopause level is fixed at 100 hPa as in previous studies (Chen et al. 2016; Bui et al. 2016) . In (3), precipitation P is balanced by the vertical moisture advection, −⟨ p q⟩ , the horizontal moisture advection, −⟨ · ∇q⟩ , and the surface evaporation, E. Fig. 7 The spatial distribution of the frequency of precipitation over the last 10 percentiles bins. The unit is number of event Figure 11 shows the magnitude of each term in (3) averaged over the two target domains for four different resolutions. It is clear that the vertical moisture advection determines the precipitation amount (comparing the first four groups of column), implying a major balance between drying of precipitation and moistening of vertical moisture transport in convective regions. The contributions from surface evaporation and horizontal moisture advection are small (except in the finest resolution experiment), and the negative value of −⟨ · ∇q⟩ implies a horizontal advection of dry air into these regions. Of particular interest shown in Fig. 11 is the reverse tendencies in precipitation and vertical moisture transport terms between the eastern and western Pacific ITCZs. Over the western Pacific ITCZ, both the precipitation and vertical moisture transport terms increase as the model resolution becomes coarser. The situation reverses over the eastern Pacific ITCZ where the precipitation and vertical moisture transport terms increase as the model resolution becomes finer.
As discussed in previous section, there is a marked difference in vertical structure of convection between the western and eastern Pacific ITCZs that could attribute to the above reverse tendencies. To provide a quantitative evaluation of how the vertical structure of convection affects the vertical moisture transport, we decompose vertical moisture transport anomaly into anomaly due to moisture structure change (thermodynamic effect), anomaly due to convective structure and intensity change (dynamic effect of anomalous circulation), and anomaly due to eddy transport of moisture. The prime term is the departure from the corresponding temporal averaged over the tropical mean:
As shown, contributions from eddy and thermodynamic effects are relatively small (the sixth and seventh columns in Fig. 11 ). In contrast, the term due to convection structure and intensity change (dynamic effect) appears to dictate the vertical moisture advection (see the fifth columns in Fig. 11 ). We also note that the magnitude of the dynamic effect, ⟨ ′ p q⟩ , decreases as the spatial resolution becomes coarser over the eastern Pacific ITCZ, consistent with the decrease of total precipitation as shown in Fig. 6 . In summary, it is the change in convection structure and intensity (i.e., the ⟨ ′ p q⟩ term) that determines change of precipitation among different resolutions.
To understand how the convection change affects the vertical moisture transport, we further decompose the pressure velocity into a product of its vertical profile and its strength (Yu and Neelin 1997; Chou and Neelin 2004; Chou et al. 2013; Chen et al. 2016): where (p) describes the vertical structure of vertical velocity (convection), and ∇ · T is the divergence induced by the first baroclinic winds, representing the intensity of vertical velocity (convection) and a positive ∇ · T denotes upward motion. In this study, is estimated from by a normalization using the vertical integral of its corresponding intensity at each level, i.e., (p) = � ∑P T P S 2 , similar to Chen et al. (2016) . Therefore, the second term on the right hand side of (4) can be written as Comparing the last two columns in Fig. 11 , the contribution of ⟨∇ · � T p q⟩ is relatively small in both regions. It is the change in vertical velocity profile, i.e., ⟨∇ · � p q⟩ , that accounts for −⟨ � p q⟩ . One should note that this vertical structure of convection is very sensitive to the spatial resolution used in climate model (as shown in Sect. 4.1). The above results confirm that the differences in precipitation tendencies between the western and eastern Pacific ITCZs among various spatial resolution experiments shown in Sect. 4.2 are determined mainly by changes in total precipitation contribution between the top-heavy and bottomheavy convection (i.e., changes in the vertical structure of convection). Fig. 9 The a frequency and b intensity of precipitation over the last 10 percentiles bins for western and eastern Pacific
Summary and discussion
This paper examines how the model spatial resolution impacts simulations of tropical climate, with a focus on the vertical structure of convection. We analyze the vertical profiles of apparent heat source ( Q 1 ) and moisture sink ( Q 2 ) at the first and last 10 percentiles of precipitation events, representing respectively the light-and heavy-rain regimes. We also compare the differences in precipitation behaviors between the western and eastern Pacific ITCZs dominated climatologically by top-heavy and bottom-heavy convection, respectively. Some notable findings are summarized as follow:
(1) Contributions to the total precipitation from top-heavy and bottom-heavy convection are sensitive to model's spatial resolution, especially in the heavy-rain regime (91-100th percentiles). A greater contribution from bottom-heavy convection and less contribution from top-heavy convection are found in the finer resolution experiments (Fig. 2) . (2) From the regional point of view, coarser resolution experiments exhibit stronger precipitation in the western Pacific warm pool, but weaker precipitation in the eastern Pacific ITCZ (see Figs. 5, 6 ). In the former region where the convective structure is dominated by top-heavy convection, precipitation increases in coarser resolution experiments are due to higher occurrence frequencies of heavy rainfall (last 10 bins) events associated with a warmer environment. In the latter region, the heavy precipitation events are dominated by bottom-heavy structure of convection in the higher The moisture budget analysis (see Fig. 11 ) further suggests that, in the heavy-rain regime, the differences in precipitation tendencies between the western and eastern Pacific ITCZs among various spatial resolution experiments (Sect. 4.2) are determined mainly by changes in convective structure (i.e., the shape of convection) rather than changes in convective strength. More contribution from bottom-heavy structure of convection occurs in the finer resolution; while more contribution from top-heavy structure of convection tends to occur in the coarser resolution experiments, which is particularly evident in the eastern Pacific ITCZ (Sect. 4.2).
This study for the first time shows the sensitivity of model's spatial resolution in determining the contribution between top-heavy convection and bottom-heavy convection in tropical climate. A recent study by Bui et al. (2016) indicated that the very different results of the vertical transport of moist static energy (MSE) between the western and eastern Pacific ITCZs (e.g., positive column-integrated vertical MSE transport in the western Pacific and negative column-integrated vertical MSE transport in the eastern Pacific) should come from different shapes of vertical motion in these two regions.
A top-heavy (bottom-heavy) structure of vertical motion, such as the case happening in the western (eastern) Pacific ITCZ, favors a positive (negative) value of MSE transport. Although the stratiform precipitation may have a significant contribution to the total precipitation (Xu 2009; Johnson et al. 2016 ), however, it seems impossible to separate the convective and stratiform preciptiation in this study as a clear quantitative separation requires high-resolution observations (e.g., meteorological radar) or non-hydrostatic mesoscale numerical simulations [e.g., WRF or CRM (cloud resolving model)]. This is beyond the scope of this study and we prefer to put it in our future work.
Finally, one major concern arising from this study broaches the question of whether there is a minimum spatial resolution for climate models in order to reproduce a reasonable climatology of the structure of tropical convection (or large-scale vertical motions from the sense of model simulations). The results presented here suggest that a spatial resolution finer than 2
• × 2 • is required for climate models to obtain a reasonable precipitation contribution between top-heavy and bottom-heavy convection, especially in the eastern Pacific, along with a fair convective adjustment process associated with the vertical MSE transport in the tropical ITCZs.
